The reactivity of an electrocatalyst depends strongly on its surface structure.
understanding and practical applications.
Fuel cells convert directly the chemical energy of externally supplied fuel and oxidant into electrical energy with high efficiency, and are a promising clean energy solution to solve the pollution and low efficiency of traditional fossil fuel technologies.
Pt-based electrocatalysts play a vital role in the fuel cell reactions, where they commonly consist of nanoparticles well dispersed on conductive materials. 1 Electrocatalytic reactions occur on the catalyst surface. To enhance the catalytic performance, the surface area of the catalysts should be as large as possible by decreasing the particle size. However, this approach will be limited by poor stability of too small-size nanoparticles (e.g., < 3 nm). Engineering surface structure of the catalysts becomes an alternative approach that can further boost the catalytic properties effectively. The catalytic active sites are usually composed of a few low-coordinated atoms on steps, edges and kinks. [2] [3] [4] As for face-centered-cubic Pt-group metals, high Miller index facets, {hkl} with one of values bigger than one, contain high density of atomic steps, therefore possess a much higher reactivity than low-index facets on which atoms are compactly arranged and smooth. In fact, the larger number of low-coordinated sites on a catalyst surface, the higher surface energy and higher activity it will possses. [5] [6] [7] [8] [9] Under thermodynamic growth conditions, nanocrystal (NC) growth is generally governed by the order of surface energy, giving rise to the rapid disappearance of high energy surface. The final NCs are usually enclosed by low energy surfaces, such as {111} and {100} facets. Thus, the preparation of NCs with high surface energy presents a huge challenge in the field of shape-controlled synthesis. [5] [6] [7] [8] [9] Nevertheless, NCs with high surface energy can provide a promising platform to fundamentally understand the principles in surface science and heterogeneous catalysis, such as the surface structure-catalytic property relationship at nanoscales, the latter is the key to shed light on the rational design of practical catalysts with high activity and durability for energy conversion devices such as fuel cells.
In current fuel cell technologies, platinum is the key catalyst for both anode (hydrogen oxidation, methanol oxidation, etc.) and cathode (oxygen reduction)
reactions. The surface structure of Pt NCs can be readily illustrated by a stereographic projection triangle (Figure 1) . 5 The coordination numbers of outmost layer of polyhedra located at the three triangle vertexes are 9, 8 and 7, corresponding to the {111}, {100}, and {110} facets, respectively, with the order in surface energy of {111} < {100} < {110}. The polyhedra lying on the three sidelines or inside of the triangle are enclosed by, i.e., {hk0}, {hkk}, {hhl} and {hkl} (h > k> l ≥ 1), with the coordination number of surface atoms being generally equal to or smaller than 7, and the corresponding single forms are tetrahexahedron (THH), trapezohedron (TPH), trisoctahedron (TOH) and hexoctahedron (HOH). High-index facets possess high density of low-coordinated step/kink atoms, therefore having high surface energy.
Two wet-chemical approaches, wet-chemical route based on surfactants and electrochemical method, are usually employed for shape-controlled synthesis of Pt-group metal NCs with high surface energy. In the surfactant-based chemical synthesis strategies, the surfactants or capping agents (such as PVP, CTAB, and halide ions) play a key role in tuning growth kinetics through covering specific NC facets. [7] [8] [9] Capping agents can preferentially adsorb on the low coordinated atoms, and stabilize them, resulting in the change of the order of surface energy mentioned above. The growth rate towards high-energy surface direction is slowed down and thus high-energy facets are preserved on the final synthesized NCs. [7] [8] [9] Unfortunately, these capping agents can significantly influence the catalytic performance of the NCs.
Usually, a tedious washing routine is needed to remove the capping agents. By contrast, the electrochemical route is powerful to synthesize NCs with clean facets. In early studies, electrochemical methods have been reported to reshape the bulk Pt electrode or to grow faceted Pt crystallites with preferential crystallographic orientations. 10 Both the nucleation and growth of metal NCs can be controlled through adjusting electrode potential, current or other parameters. [11] [12] [13] [14] In the past decades, our group has developed an electrochemical square-wave potential (SWP) method to synthesize Pt-group metal NCs with high surface energy. [11] [12] [13] [14] The nucleation, growth and oxidative etching can be readily controlled by this SWP approach. The formation mechanism of Pt high-index facets is as following: 11 At the lower potential limit (E L ) of the SWP, the Pt precursor ions in solution are reduced and deposited onto the electrode surface. At the upper potential limit (E U ), oxygen species (such as OH and O)
derived from H 2 O dissociation can adsorb on the Pt surfaces. Some of oxygen species will invade into Pt surface through place-exchange between Pt atoms and oxygen atoms. As a result, some Pt atoms are squeezed out. When the potential turns back to the E L , the oxygen species reductively desorb, but the displaced Pt atoms cannot always return to their original positions, leading to the formation of step or kink sites.
The repetitive oxygen adsorption/desorption mediated by the SWP can reconstruct the surface and finally induce the formation of high-index facets with high density of step atoms.
By the SWP method, THH Pt NCs with {730} facets were synthesized (Figure   2a ), presenting high catalytic activity towards both ethanol and formic acid electrooxidation. 11 The electrooxidation of small organic molecules involves the cleavage of strong C-H bond which usually serves as the rate-determining step (RDS).
The low-coordinated step atoms on high-index facets can strongly interact with reactants, and promote the cleavage of C-H bond, thus showing high activity commonly. THH Pt NCs exhibit a catalytic activity of 2.0~3.1 times higher than commercial Pt/C catalysts for formic acid oxidation, and 2.5~4.6 times higher for ethanol oxidation (Figure 2b) . Moreover, in spite of the high surface energy, THH Pt NCs are stable thermally at 800 °C.
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The SWP method is a universal approach for the synthesis of Pt-group metal (e.g., Pt, 11 Pd, 12 (Figure 2c and 2d) . The above Pt NCs exhibit high catalytic activity (Table 1) , around 3~5 times higher than that of commercial Pt/C catalysts towards electrooxidation of formic acid and ethanol.
In wet-chemical routes, some Pt NCs with high-index facets were also synthesized. [22] [23] [24] The uniform four-armed star-like concave Pt NCs having {411} facets, as shown in Figure 2e , were synthesized using methylamine as capping agents.
The {411} faceted Pt NCs exhibit an activity of 5.6 times higher than Pt/C for formic acid electrooxidation, and 6.0 times higher than Pt/C for ethanol electrooxidation (Figure 2f) . 22 Pt(Ⅱ) acetylacetonate via a solvothermal method, by using 1-octylamine as the solvent and capping agent, and formaldehyde as a shape regulator. 24 They found that concave Pt NCs with {411} facets formed in the presence of formaldehyde while multipod Pt NCs with {211} facets in the absence of formaldehyde. The underlying reason was deduced that amine can effectively stabilize the monoatomic step edges resulting in the exposed {211} facets, and the decomposition of formaldehyde into carbon monoxide results in the exposed {411} facets. We note that most of high-index faceted Pt NCs synthesized by surfactant-assistant wet chemical methods All catalytic activity mentioned above is evaluated by current density (j s ), that is, the electrooxidation current is normalized by electrochemical surface area (ECSA) of Pt. The current density characterizes the intrinsic activity which is equivalent to turnover frequency (TOF) in heterogeneous catalysis. Area-specific activity is commonly used in fundamental studies. From the viewpoint of practical applications, the mass specific activity (j m ) is more important, which also reflects the Pt utilization. nm by applying SWP treatment. 17 Aberration-corrected high-resolution transmission electron microscopy (HRTEM) shows that the HIF-Pt NCs have high density of step atoms, 17 which promote the splitting the C-C bond in ethanol electrooxidation. 25, 26 However, the shape of HIF-Pt prepared by this method is not very perfect. (Figure 3a) . 15 The surface structure, characterized by cyclic voltammograms is well consistent with the shape transformation: Hydrogen adsorption on two-dimensional (2D) (100)-domain sites disappears completely, while that on 1D (100)-domain site changes little. Meanwhile, the hydrogen adsorption on (110) steps increases greatly (Figure 3b) . Likewise, by treating small Pt particles of ~3 nm supported on graphene using SWP (E L = -0.30 V, E U = 1.15 V, and f = 10 Hz), sub-10 nm THH Pt NCs with {210} high-index facets were obtained (Figure 3c) . 16 This method can even be extended to reshape commercial Pt/C catalyst and to create high-index facets also (denoted as Pt/C_SWP), as shown in Figure 3d . Although the particle size increases from 3.1 to 6.3 nm after the SWP treatment, the loss in the ECSA can be compensated by the gain in area-specific activity: The area-specific activity of Pt/C_SWP is 0.83 mA cm -2 , about 2.7 times higher than that of pristine Pt/C catalyst for ethanol electrooxidation. As a result, the mass activity increases by 53% (Figure 3e ).
High-index facets on Pt NCs can survive after harsh electrochemical oxidation/reduction, wherefore they possess high electrochemical stability. In addition, relatively large size also benefits the stability. After 1000 potential cycles between -0.26 and 1.10 V (vs SCE), only 28 % activity was decayed for Pt/C_SWP. In contrast, the pristine Pt/C catalysts lost the 51% of initial activity (Figure 3f ). On the other hand, the synthesis of very large (a few to tens of micrometers) Pt-group metal NCs is also interesting. Such an individual crystal may serve as a new microelectrode with well-defined surface structure. Currently, the largest size of Pt NCs with high-index facets is about 2 µm.
14 Pure Pt catalysts, however, are not efficient for direct alcohol fuel cells because of the rapid poisoning of surface by the strongly adsorbed species, i.e., CO adsorbates, derived from the dissociative adsorption of organic molecules. [27] [28] [29] by the fact that the rather smaller peak current density in the positive going scan than that in the negative going scan in the voltammetric test. 37 Irreversible adsorption of Bi atoms has been introduced to modify the surface of {730}-bounded THH Pt NCs for inhibiting the poison formation, and the oxidation current increases significantly (Figure 4a) . 37 Note that at a very high Bi coverage up to 0.9 ML, the highest peak current (25.8 mA cm -2 ) is obtained which is 21 times larger than that on bare THH Pt NCs. Meantime, the onset potential is negatively shifted from 0.04 V to -0.18 V (vs SCE). The reduced hysteresis between the positive and negative going scans strongly indicates the disappearance of CO poisoning formation at such a high Bi coverage (Figure 4b) . Also, the stability is improved that, after 60 s, the current density on THH Pt NCs quickly decays to 0.003 mA cm -2 , however with the 0.9 ML Bi coverage, the current density was recorded to be 2.78 mA cm -2 (Figure 4c) . It is generally accepted that the formation of CO requires an ensemble of Pt surface atoms, [32] [33] 40 and the Bi adatoms decrease the amount of available ensembles that suppresses the poisoning species formation (so-called third body effect). 32 Additionally, the larger current, particularly at a low Bi coverage,
indicates that Bi adatoms may also contribute to an electronic structure enhancement for formic acid oxidation. 34 Likewise, Au adatoms on THH Pt NCs also have a promoting role in formic acid electrooxidation with increased activity and stability. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Different from the Bi decoration, the activity decreases once the Au coverage is above 0.72 ML. The promotional role of Au atoms is mainly attributed to third body effect that suppresses the indirect pathway through poisoning CO adsorbates. 28, 29 Thus, although the decoration of Au atoms would block active Pt sites for reactions, it can promote the CO 2 formation.
PtRu catalysts are the most common and efficient anode materials in direct methanol fuel cells because of the bi-functional mechanism. 30 The surface Ru atoms as illustrated in Figure 4d , were suggested to provide adsorbed oxygen-containing species that facilitates oxidation of intermediates produced from methanol decomposition to CO adsorbates at low potentials. The significant enhancement from
Ru adatoms was experimentally found to be sensitive towards surface structure by using Pt single crystal planes with the activity order of (111) > (110) > (100). 41 As for CO electrooxidation, the onset potential is 0.41 V (vs SCE) on the THH Pt NCs and the peak potential is at 0.53 V (vs SCE). 39 When the Ru coverage increases, both the onset and peak potentials are negatively shifted. As for methanol electrooxidation, the onset potential is negatively shifted by 0.10 V, and the current at low potentials is dramatically enhanced in the presence of decorated Ru atoms (Figure 4e ). The transient current curves recorded at 0.25 V (vs SCE) also show better stability for methanol oxidation (Figure 4f ). An interesting observation is that the improvement of Ru modification on THH Pt NCs is more remarkable than that on Pt black. The reason may be that Ru adatoms prefer to block the step sites. Since the step sites on normal Pt NCs are low, once they are blocked by Ru, the methanol dehydrogenation process would be limited. While on the THH Pt NCs with a high density of step sites, even though in the presence of Ru adatoms, there are still a portion of step sites that can be utilized for facilitating the methanol dehydrogenation.
Alloying is another strategy by adding foreign atoms into the crystal lattice. In comparison with the surface decoration, the synthesis of alloy NCs with tunable shape and composition is more difficult due to the difference in intrinsic standard reduction potential and lattice constant between the alloy metals. The alloyed elements can modify the electronic structure for tuning the binding energy of adsorbed 42 Clearly, the elemental distribution of Pd and Pt is very uniform with a slight enrichment of Pt at edge sites (Figure 5a ). For the alloy THH PdPt NCs towards formic acid electrooxidation, the peak current density increases with increasing Pt content, and reaches a maximum (70 mA·cm -2 ) at Pt content of 10%. The catalytic activity is 3.1 times higher than that on pure THH Pd NCs (22.4 mA·cm -2 ), and also 6.2 times higher than that on commercial Pd black (11.3 mA·cm -2 ) (Figure 5b) . Rh is an effective metal to split the C-C bond in ethanol electrooxidation. alloy NCs exposed by {110} facets as shown in Figure 5c . 46 It was observed that with the increase of n-butylamine amount, the morphologies of PtCu 3 NCs evolved from the octahedron, to the edge-concave octahedron and finally to the ERD structure. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Scheme 1. Illustration of two strategies of bimetallic NCs with high surface energy:
surface decoration and uniform alloy. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Quotes Pt-based electrocatalysts with high surface energy possess a high activity and stability.
The electrochemical SWP method is a universal approach for the synthesis of Pt-group metal NCs enclosed with high-index facets.
The high-index faceted bimetallic alloy NCs with synergy effect from steric and electronic structure result in excellent catalytic property.
A challenge consists in how to synthesize small-sized (<10 nm) Pt NCs with high surface energy and producing them in large scale for practical applications. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
